Background: In a minority of patients with neuromyelitis optica spectrum disorder (NMOSD) and aquaporin-4 antibodies (AQP4-IgG), the disease has a paraneoplastic origin. It is unknown whether these patients have distinctive clinical features. Objective: To report the clinical features of a series of patients with paraneoplastic NMOSD and AQP4-IgG and to review previously reported cases. Methods: Retrospective analysis of clinical records of 156 patients with NMOSD and AQP4-IgG and review of previously reported patients with paraneoplastic NMOSD and AQP4-IgG. Paraneoplastic patients were defined as those with cancer identified within 2 years of the diagnosis of NMOSD. Results: Five (3.2%) of 156 patients had paraneoplastic NMOSD, and 12 previously reported patients were identified. The most common tumors were adenocarcinoma of the lung (five patients) and breast (five). Compared with the 151 non-paraneoplastic NMOSD patients, the 17 (5 current cases and 12 previously reported) were older at symptom onset (median age = 55 (range: 17-87) vs 40 (range: 10-77) years; p = 0.006), more frequently male (29.4% vs 6.6%; p = 0.009), and presented with severe nausea and vomiting (41.2% vs 6.6%; p < 0.001). The frequency of longitudinal extensive transverse myelitis (LETM) as heralding symptom was similar in both groups, but patients with paraneoplastic NMOSD were older than those with non-paraneoplastic NMOSD (median age: 63 (range: 48-73) vs 43 (range: 14-74) years; p = 0.001). Conclusion: Patients, predominantly male, with NMOSD and AQP4-IgG should be investigated for an underlying cancer if they present with nausea and vomiting, or LETM after 45 years of age.
Introduction
Antibodies against neural antigens are classified in two categories: those that almost always indicate the presence of an underlying cancer (onconeural antibodies) and therefore are used as biomarkers of paraneoplastic neurological syndromes (PNS), and those that associate with specific neurological syndromes regardless of the presence of cancer. 1, 2 Antibodies in this second category frequently target surface neural antigens and they are considered directly involved in the pathogenesis of the disease. The trigger of these antibodies is in many instances unknown, but in some patients (the frequency varies with the antibody type), the trigger is a tumor that expresses the neural antigen, and therefore, the neurological syndrome can be considered paraneoplastic.
Antibodies against aquaporin-4 (AQP4) are present in most patients with the neuromyelitis optica spectrum disorder (NMOSD), including neuromyelitis optica (NMO) and limited forms of single or relapsing optic neuritis or longitudinal extensive transverse myelitis (LETM). 3 The presence of an underlying cancer has been reported only in a few patients with NMOSD and AQP4 antibodies, 4 and therefore, it is yet unknown whether distinctive clinical features associate with a paraneoplastic origin. This information would allow selecting patients at risk for paraneoplastic NMOSD and include tumor screening as part of the initial work-up, which is currently not done in NMOSD patients.
To address this issue, we retrospectively examined a cohort of patients with NMOSD and AQP4 antibodies and compared the clinical features of those without cancer with those with cancer who fulfilled criteria of possible PNS according to published guidelines. 1 In addition, we performed a systematic review of previously reported cases of AQP4 antibody-associated paraneoplastic NMOSD with the aim to provide relevant clinical characteristics of patients with NMOSD and AQP4 antibodies in which a tumor screening is warranted.
Methods

Patients
We retrospectively identified patients with NMOSD whose serum samples were sent to our laboratory and were found positive for AQP4 antibodies by routine immunohistochemistry on brain tissue and cell-based assay (CBA). Samples were obtained from three sources: (1) patients with NMOSD and positive AQP4 antibodies recruited from 59 centers through the multiple sclerosis (MS) study group of the Spanish Society of Neurology, from January 2013 to January 2015, with the initial aim to identify predictors of conversion to NMO, 5 (2) patients whose serum was sent between 2005 and 2016 for the determination of either AQP4 antibodies or onconeural antibodies and routine immunohistochemistry on brain tissue revealed AQP4-like reactivity that was subsequently confirmed by CBA, and (3) patients with NMOSD and AQP4 antibodies who during the time period 2006-2016 appeared in a regional registry of epidemiological data (the Catalan Health Surveillance System) with a diagnosis of NMOSD.
The clinical features of paraneoplastic NMOSD patients with AQP4 antibodies were compared with those without cancer. Epidemiological data, including demographic, clinical, cerebrospinal fluid (CSF) (cell count, protein levels, and oligoclonal bands), magnetic resonance imaging (MRI) findings (number and extension of spinal cord lesions), treatment, and outcome, were obtained from medical records and information collected from referring physicians through a structured questionnaire designed for NMOSD. In 2017, referring physicians were contacted to confirm the oncological status of NMOSD patients with AQP4 antibodies. Median follow-up of patients finally defined as non-paraneoplastic was 94 months (range: 24-599 months). None of the patients underwent an extended diagnostic work-up to rule-out an occult tumor. The diagnosis of a possible paraneoplastic etiology was done according to the PNS Euronetwork criteria (detection of cancer within the first 2 years of diagnosis of NMOSD). 1 In addition, we identified previously reported NMOSD patients with AQP4 antibodies who fulfilled the PNS Euronetwork criteria for a possible paraneoplastic etiology. Patients were identified through a comprehensive PubMed search (until 1 May 2017) using the terms "AQP4 antibodies, neuromyelitis optica, longitudinal extensive transverse myelitis, optic neuritis, AND cancer" or "paraneoplastic neuromyelitis optica." Only cases published in English that included clinical information were selected.
Patients' serum and CSF samples are archived in the collection of biological samples named "Neuroinmunología" registered in the Biobank of Institut d'Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS). Written informed consent for the storage and use of the samples for research purposes was obtained from all patients. The study was approved by the ethics committee of the Hospital Clinic of Barcelona, Spain.
Autoantibody assays
All serum samples were tested for AQP4 antibodies by immunohistochemistry of paraformaldehyde (PFA) fixed frozen rat brain sections and an in-house CBA with live human embryonic kidney 293 (HEK293) cells transfected with aquaporin-4-M23 isoform as previously reported. 6 Briefly, 36 hours after transfecting HEK293 cells with AQP4-M23 (a gift of Dr Marignier), live cells were incubated at room temperature with serum (diluted 1:20) or CSF (1:2) for 30 minutes. Cells were fixed with 1% PFA for 15 minutes and permeabelized with 0.3% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 5 minutes. Cells were then immunolabeled with a rabbit polyclonal AQP4 antibody (1:500; Sigma-Aldrich) for 1 hour at room temperature, followed by the corresponding Alexa Fluor secondary antibodies against human and rabbit IgGs (1:1000; Molecular Probes, Invitrogen, Eugene, OR, USA).
To demonstrate the expression of AQP4 in the tumor, paraffin sections were deparaffinized and the antigen retrieved boiling the tissue sections in citrate buffer pH 6.0 for 20 minutes. After inhibition of endogenous peroxidase with 0.3% hydrogen peroxide in phosphate buffered saline (PBS) for 15 minutes, sections were incubated with AQP4 (Sigma-Aldrich) polyclonal antibody (diluted 1:400) overnight at 4°C, and developed with the avidin-biotin-peroxidase technique (Vector Labs, Burlingame, CA, USA).
Statistical analysis
We compared differences in categorical variables with Pearson's chi-squared test or Fisher's exact test when appropriated and continuous variables by Mann-Whitney U test. All p values were two-tailed and they were considered significant at p ⩽ 0.050.
Results
We identified 156 patients with NMOSD and AQP4 antibodies and only five (3.2%) of them fulfilled the criteria of possible PNS (Table 1) . None of them had concurrent onconeural antibodies or other antibodies against neuronal surface antigens. Three paraneoplastic patients developed isolated LETM and two presented with a central nervous system (CNS) syndrome (severe nausea and vomiting, encephalopathy) followed in a few weeks by LETM. Three patients had adenocarcinoma of the lung, one breast cancer, and one squamous carcinoma of the oral cavity. Only one tumor (lung adenocarcinoma) could be tested for expression of AQP4 and it was found positive ( Figure  1 ). Neurological symptoms developed after the diagnosis of cancer in two patients (median, 5 months; range: 1-10 months) and preceded the cancer diagnosis in the other two (median, 10 months; range: 1-19 months). In one patient, the diagnosis of cancer was made by the same time of neurological symptom onset. In the three patients without known cancer, the cause that led to the identification of the tumor was the presentation with encephalopathy in one, the study of severe vomiting in another, and the identification of an oral cavity lesion in the third.
Our literature search identified 35 NMOSD patients with AQP4 antibodies and history of an underlying tumor. 4, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Twenty-three patients were excluded from analysis. In seven, the time period between the development of PNS and tumor diagnosis was unknown or longer than 2 years. Nine patients had minimal information available. Another five patients had no malignant neoplasms (e.g., monoclonal gammopathy, benign tumors), and in one, the diagnosis of lymphoma was unclear. 4, [7] [8] [9] Two additional cases were excluded: one because the patient had meningeal carcinomatosis and brain metastases, and the other because of the presence of concurrent onconeural antibodies. 10, 11 The clinical information of the remaining 12 patients with acceptable information and who fulfilled criteria of possible PNS is summarized in Supplementary  Table S1 . [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The most frequent presenting syndrome was severe nausea and vomiting in six patients, followed by LETM in four, and optic neuritis in two. The median age of the entire cohort was 46 years (range: 17-87 years), with female predominance (83%). Patients who presented with severe nausea and vomiting were younger than those presenting with optic neuritis or LETM (median age: 38.5 vs 60 years; p = 0.038). Four patients had breast cancer, two adenocarcinoma of the lung, two hematological neoplasms (acute myeloid leukemia and mature B-cell lymphoma), and one of each, papillary thyroid carcinoma, carcinoid of stomach, carcinoid of smallbowel, and prostate cancer. Five tumors were tested for APQ4 expression and four were found positive (two lung adenocarcinoma, one breast cancer, and one small-bowel carcinoid) (Supplementary Table S1 ).
Finally, we compared the clinical characteristics of the 151 patients with non-paraneoplastic NMOSD and AQP4 antibodies with those of the 17 paraneoplastic patients (5 from the current study and 12 previously reported). Results are summarized in Table 2 . Paraneoplastic patients were older at onset of symptoms (median age: 55 (range:17-87) vs 40 (range: 10-77) years; p = 0.006), were more frequently male (29.4% vs 6.6%; p = 0.009), and 41.2% had initial onset of disease with brainstem symptoms, usually severe nausea and vomiting, a form of presentation that occurred only in 6.6% of non-paraneoplastic patients (p < 0.001). In contrast, optic neuritis or NMO was rarely the heralding syndrome in paraneoplastic patients (11.8% vs 42.4%; p = 0.017). The frequency of clinical presentation as LETM was similar in both groups. However, patients with paraneoplastic LETM were older (median age: 63 (range: 48-73) vs 43 (range: 14-74) years; p = 0.001). Response to immunotherapy was similar in both groups. Ten (59%) of the 17 paraneoplastic patients improved after treatment with immunotherapy, usually steroids (Table 1  and Supplementary Table S1 ). The number of deaths was higher in the paraneoplastic group due to cancerrelated causes (Table 2 ).
Discussion
Our experience with paraneoplastic NMOSD and AQP4 antibodies along with that of previously reported patients provides several clinical clues that suggest when a patient with AQP4-antibody-positive NMOSD should be suspected to have an underlying cancer. The findings are clinically relevant because the frequency of paraneoplastic NMOSD is low, and therefore, the indiscriminate search for an underlying cancer is not indicated. We identified two clinical settings where the risk for cancer is higher: (1) patients who present with brainstem involvement, mainly nausea and vomiting, and (2) patients older than 45 years, usually male, presenting with LETM.
AQP4 is highly expressed in the area postrema, a brain region with a leaky blood-brain barrier, that may be a selective target of the autoimmune attack. 22 In fact, severe vomiting and nausea as heralding symptoms of NMOSD was identified in 10%-12% of large series of patients with NMOSD and AQP4 antibodies, and none of the patients were reported to have cancer. [23] [24] [25] In our series with a similar frequency (7%) of patients presenting with nausea and vomiting, only one of them (1/11; 9%) was paraneoplastic. However, our review of published case reports of paraneoplastic NMOSD shows that 6/12 (50%) patients (Supplementary Table S1 ) had this type of disease onset indicating that among this relatively small subgroup of patients, nausea and vomiting are unexpectedly high, and their presentation at disease onset suggest that cancer search is warranted.
LETM is the presenting clinical syndrome in up to 47% of the patients with NMOSD and AQP4 antibodies, 26 and it occurs mostly in female (83%-89%) patients with a median age below 50 years. 27 In contrast, paraneoplastic patients with LETM are more frequently older males, suggesting that an underlying cancer should be considered in this clinical setting. This is important because in patients who present with LETM, the detection of AQP4 antibodies may lead to believe that the cause is idiopathic and the search for an underlying tumor is not even considered.
Other forms of paraneoplastic-isolated myelopathies are rare, can associate with onconeural antibodies, or be seronegative, and the clinical or MRI features may overlap with those of AQP4-antibody-positive LETM. 28 In the largest series described of 31 patients with AQP4-antibody-negative paraneoplastic myelopathies, the median age was 62 years (range: 37-79 years) and 65% were female. Clinical onset was subacute in 52% of the patients, spinal cord MRI revealed extensive involvement (>3 vertebral segments) in 70%, and onconeural antibodies, mainly CRMP5 and amphiphysin, were detected in 81% of the patients. 29 Given the important overlap of clinical and MRI features between patients with paraneoplastic LETM, with and without AQP4 antibodies, screening for onconeural antibodies is indicated in elderly patients with LETM and negative AQP4 antibodies because of the higher risk for cancer in this age group. Response to immunotherapy was poor; only 31% of patients improved and 52% were wheelchair-bound at the last visit. In contrast, 59% of patients with paraneoplastic AQP4-antibody-positive NMOSD improved, which is in line with the favorable response to immunotherapy in neurological diseases associated with antibodies against neural surface antigens. However, we have to take these results with caution because in many of the reported paraneoplastic NMOSD patients, the follow-up was short and it is unclear whether the initially observed response to immunotherapy persisted over time. In any case, this observation emphasizes the importance of looking for AQP4 antibodies to correctly classify the paraneoplastic myelopathies according to the associated immune response.
Unlike some PNS that preferentially associate with a specific cancer type, paraneoplastic AQP4-antibodypositive NMOSD occurs with a wider variety of cancers, the most common being lung and breast adenocarcinomas. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Lung and breast cancers are also the most common tumors found in paraneoplastic myelopathies not associated with AQP4 antibodies with the difference that in this setting, the most common lung cancer is the small-cell type. 29 If this difference is related to the variable expression of AQP4 among tumor types is presently unclear. AQP4 is highly expressed in lung adenocarcinomas but it is low in breast cancer and there are no studies on small cell lung cancer. 30 As in other PNS, antigen expression by the underlying tumor is expected to contribute in triggering the immune response but the genetic background of the patient may play also a crucial role. For example, antibodies against AQP4 were not detected in serum of patients without neurological symptoms but with lung adenocarcinomas, known to express AQP4. 31 Overall, the current study on paraneoplastic NMOSD with AQP4 antibodies suggests that this association is rare but there are specific clinical settings, including presentation with nausea and vomiting or older, predominantly male, patients with LETM, where search for cancer is warranted. Moreover, in NMOSD patients with known cancer, the detection of AQP4 antibodies may indicate an initial better response to treatment.
